Considerable evidence suggests that the concentration of free thyroxine, circulating unbound to serum proteins, is more closely relattd to a subject's thyroidal status than is the concentration of total thyroxine (1). Because of the intense binding of thyroxine by the serum proteins, the concentration of free thyroxine is very small and not measurable by conventional chemical methods. Robbins and Rall (2), on the basis of electrophoretic data and the binding characteristics of bovine serum albumin, estimated that the concentration of free thyroxine in normal subjects was in the order of 6 x 10-1" M. By equilibrium dialysis of whole serum, Sterling and Hegedus (3) arrived at a figure approximately twice this. Other techniques for assessing the relative concentrations of free thyroxine in various clinical and physiological states include measurement of the fractional rate of dialysis of I'1"-labeled thyroxine (T4-I131 ) across a semipermeable membrane from one serum compartment to another (4, 5), and simultaneous determination of red-cell uptake of I131-labeled triiodothyronine (T3-"131) and serum protein-bound iodine (PBI) (6).
serum in a glycine-acetate buffer at pH 8. 6 . Such an electrophoretic system reveals three species of protein-binding sites: thyroxine-binding globulin (TBG), albumin, and thyroxine-binding prealbumin (TBPA). Applied to the study of sera of normal and pregnant subjects and patients with hypothyroidism and hyperthyroidism, these methods gave results that were consistent internally and also with the current view that concentrations of free thyroxine are elevated in hyperthyroidism, depressed in hypothyroidism, and normal in pregnancy. The investigation was thereupon extended to a more intensive study of thyroxine-binding by the serum proteins of patients with nonthyroidal disease. Ingbar and Freinkel (7) have noted that in patients with a variety of diseases, a reduced quantity of thyroxine was associated with TBPA, and this finding suggested to us the possibility that such alterations could influence the level of free thyroxine in serum.
METHODS

Equilibrium dialysis
The method of these studies is partly based on the dialysis procedures used by Sterling and Tabachnick in their investigation of thyroxine-binding by serum albumin (8) . Analogous techniques have been used to study the interaction of certain drugs with thyroxine-binding proteins (9) (10) (11) . T4-IP`,I tested for chromatographic purity as previously described (9) , was added to the serum sample in quantities sufficient to increase the endogenous concentration of thyroxine by 1 ,ug per 100 ml. The mixture was allowed to equilibrate for 30 minutes at room temperature. One ml of serum enriched with T4-1131 was added to 24.0 ml phosphate buffer (pH 7.4, ionic strength = 0.15), and a 5-ml sample of this dilution was pipetted into each of three specially prepared cellophane bags (8) . These bags were suspended in 50-ml cellulose nitrate centrifuge tubes containing 25 ml of the same phosphate buffer used to dilute the serum.
The stoppered tubes were inserted in a metal rack on a rotating platform in a bacterial incubator at 370 C. Equilibrium was attained in 20 hours; then, the concentration of T4-13' inside and outside the bag was measured.
A major technical problem in dialysis of T4"I'.
against an aqueous buffer is to distinguish the radioactivity originating from T4-I"' from the activity arising from the much more loosely protein-bound iodide-I"3'. This problem was solved by the addition of outdated banked plasma to samples from the inside and the outside of the dialysis bag and the subsequent precipitation by trichloroacetic acid (TCA) of protein from the resultant mixtures. Two ml was withdrawn from inside and 5 ml from outside the bag. Equal volumes of plasma were added to both samples, and 3 ml of cold 20% TCA was added in steps. The precipitate was thoroughly mixed into a homogenous paste and centrifuged for A hour at 1,600 rpm in an International, size 2, model V centrifuge. The supernatant fluid was decanted, and the precipitate washed twice with 1% TCA. The final residue was assayed for radioactivity in a Packard automatic spectrometer until a statistical counting accuracy of at least 2% was achieved.
From the concentration of T4-I..' inside and outside the bag, the fraction of radioactivity existing in the system in the unbound form at equilibrium, or the dialyzable fraction (DF), was calculated as follows:
where V. = volume outside the bag, V, = volume inside the bag, SPI01' = concentration of serum precipitable iodine" outside the bag, and SPI"' = concentration of serum precipitable iodine1' inside the bag. The concentration of free thyroxine in the dialysis system (Td) can then be calculated as: Td = DF X concentration of total endogenous thyroxine in the system. The concentration of total endogenous thyroxine can be estimated from the PBI.2 To convert PBI, in micrograms iodine per 100 ml, into thyroxine concentration, in moles per liter, the PBI value is multiplied by the factor 1.968 X 10'. Since 0.2 ml serum is in equilibrium with a volume of 30 ml, a dilution factor (1/150) is also introduced. Thus the expression for the free thyroxine concentration, (in moles per liter), will be: Ta = (1.31 X 10-') X DF X PBI. In this study, Td can be considered a simple empirical measure that is related to, but not necessarily equivalent to, the in vivo concentration of free thyroxine.
Analytical considerations
In three separate experiments, the sum of TCA-precipitable radioactivity inside and outside the dialysis bag accounted for more than 97% of the TCA-precipitable activity added to the system. Thus, less than 3% of T4-I"' could have adhered to the dialysis bag. Because of the serum's dilution, no significant changes in protein concentration inside the bag could be detected at the end of the dialysis, and possible oncotic pressure effects 2Bio-Science Laboratories, Los Angeles, Calif. on the volume of the compartments were considered to be negligible.
In order to test the effectiveness of the method of TCA precipitation in the discrimination between minute quantities of iodide-I"' and T4-I.' in the dialyzate, the following experiment was performed. A blank dialysis was carried out as usual except that nonradioactive thyroxine (1 ltg per 100 ml) instead of T4-IP`was added to the original serum. To samples of the dialyzate iodide-I..' and T4-I.'. were added separately and together in concentrations simulating those observed after routine dialysis with added T4-I"'. The contaminating iodide-I"' in the shipment of T4-Il", determined chromatographically, was taken into consideration in the calculations. TCA precipitation after the addition of exogenous plasma was performed as usual. An excess of 97% T4-I"'. was recovered, and more than 92% (generally 95%) of the iodide-I"' was removed by the procedure.
The error due to coprecipitation of iodide-I"' with T,-I"' can be calculated as follows. Assume that 5% of the radioactivity of the stock shipment of T4-I"' is in the form of iodide-I"' and that iodide is freely diffusible and not protein bound. Since 5% of iodide-I"' remains with the residue after TCA precipitation, iodide-I"'. could (12) of the method of Smithies (13) . Radioactive distribution of T4-I"' in starch gel was determined as previously described (12) .
Maximal binding capacity of TBPA and TBG. All sera were subjected to paper electrophoresis in duplicate after the addition of 0, 200, and 800 ,ug nonradioactive thyroxine per 100 ml. For this purpose, stock solutions of thyroxine were prepared in 4% propylene glycol dissolved in 2 Equation [3] where K is a constant and T4 the concentration of total thyroxine. Dividing both sides of Equation 3 by T4 gives RjIT4 = K X DF. Equation [4] Thus, R1/T4 may be considered analogous to DF in the dialysis system. The expressions R, and R4/T4 can be evaluated for TBG and TBPA, and the results compared with the analogous functions in the dialytic system. TP, is determined by multiplying the fraction of tracer T4-1131 bound to a particular binding site, Ft, by the concentration of endogenous thyroxine, T4, as determined from the PBI. MU, is the maximal binding capacity of the binding species under consideration and is determined as described above.
In the following studies, electrophoretic ratios based on prealbumin, Rpa and Rpa/T4, were preferred to those based on TBG for the following reasons. 1) Determinations of TBPA were thought to be technically more accurate than those of maximal binding capacity of TBG for two reasons. For one, since TBPA is the most rapidly moving electrophoretic component in our system, we were not faced with the problem of small quantities of trailing albumin contaminating TBG. Also, since maximal binding capacity of TBPA (normal range, 189 to 308 ,ug per 100 ml) is approximately 10 times that of TBG, its determination for TBPA depends only minimally on Table II .
Dialysis studies (Figures 1-3) In the group of normal subjects, the mean Td (x 10-11 M) was 3.02 + 0.35 (SD). No statistical difference was found between normal men and women, and there was no significant correlation between individual values and age.
In the group of hyperthyroidal patients, PBI, DF, and Td were markedly elevated. The greatest separation from the normal group was effected by use of Td as the discriminant. Among hypothyroidal subjects, PBI, DF, and Td were all significantly lower than in normal subjects, although for DF the depression below normal was mini- just short of that attained in the group of hyper-
thyroidal patients (0.0661 ). Since, however, there was a marked discrepancy between the levels of serum PBJ, the mean Td in the group of patients with nonthyroidal illness (4.00 x 10-11 M) was considerably less than that of the hyperthyroidal patients (12.07 x 10-11 M). Figure 4 summarizes the distinguishing features of the groups studied. The group of patients with hyperthyroidism are segregated by their high PBI and high DF, the group of hypothyroid patients, principally by their low PBI and low to normal DF, the pregnant women, by their high PBI and low DF, and the patients with nonthyroidal illness, both by their low to normal PBI and their elevated DF. Td of a given point can be judged by its distance from the isobar Td = be elevated in pregnancy (2, 17) . A lesser but nonetheless significant elevation was encountered ---in hypothyroidism, in agreement with earlier findings (2) . In confirmation of previous results (1, 18) 
DISCUSSION
Both methods employed in this study provide only a relative estimate of the serum concentration of free thyroxine (Td and Rpa) and the fraction of thyroxine bound to serum proteins (DF and Rpa/T,). Even if the equilibrium concentration of free thyroxine in separated serum were precisely determined, it is not immediately apparent that such a value would be identical with that of in vivo plasma. First, thyroxine in separated serum has been removed from the competing cellular and extravascular binding sites, and second, a state of stable equilibrium cannot axiomatically be assumed to exist it vivo (1) . Nevertheless, the concept of free thyroxine as a determinant of hormonal activity remains operationally valuable, as previously cited studies show.
Evidence for the validity of our electrophoretic and dialytic methods lies in the linear correlation of the results they give (DF against Rpa/T4, and hence Td against Rpa, Figure 10 ). Furthermore, these results are consonant with the currently accepted concepts that the levels of free thyroxine are elevated in hyperthyroidism, depressed in hypothyroidism, and normal in pregnancy. In hyperthyroidism, the level of serum free thyroxine is elevated because of both an increase in total circulating thyroxine and a net decrease in serum protein-binding, owing not only to the diminution of unoccupied binding sites on TBG, but also to the fall in maximal binding capacity of TBPA (7). In hypothyroidism, the level of free thyroxine is diminished primarily because of the fall in serum PBI. In pregnancy, the concentration of total thyroxine is elevated, but because of the primary increase in the maximal binding capacity of TBG, net serum protein-binding is increased and the resultant level of free thyroxine falls into the normal range.
The finding of increased levels of Rpa/T, and DF in the sera of patients hospitalized for a variety of nonthyroidal illnesses suggested major changes in thyroxine-binding proteins and led us to study these changes more intensively. The diminished net binding of thyroxine appeared to be largely a consequence of the fall in maximal binding capacity of TBPA (7, 18) A wide variety of nonthyroidal diseases is represented (Table II) . In general, the most pronounced abnormalities in thyroxine-binding were found in patients with the most marked systemic manifestations, including fever, weight loss, and malnutrition. Alterations of thyroxine-binding were encountered both in patients with malignant disease and in those with self-limiting viral and bacterial processes. Previous studies of net thyroxine-binding by the serum proteins of such patients have been conflicting. Richards, Dowling, and Ingbar (21) indicated that the red-cell uptake of I131-labeled hormones is increased in certain patients with nonthyroidal disease. Also, Hamolsky, Golodetz, and Freedberg (22) The significance of the correlation between concentrations of TBPA and albumin remains unclear. When crystallized human albumin 6 was added to serum deficient both in albumin and TBPA, however, no change in the concentration of thyroxine associated with TBPA, or in the maximal binding capacity of TBPA was noted, despite correction of the albumin deficiency. The possibility remains that the synthesis of albumin and prealbumin is synthetically linked.
Variations in the concentration of both TBG and TBPA as measured electrophoretically at pH 8.6 are reflected in a corresponding variation in the dialysis of thyroxine at pH 7.4. The partition of thyroxine at a physiological pH would therefore appear to be in reasonable agreement with the distribution of thyroxine as determined by paper electrophoresis at pH 8.6. On the other hand, if filter-paper electrophoresis is carried out at pH 7.4, no thyroxine will be found in association with prealbumin (24, 25) . Thus, one is led to the apparently paradoxical conclusion that the physiological distribution of thyroxine is more accurately mirrored by the results of paper electrophoresis at pH 8.6 than at pH 7.4. The following considerations, however, suggest that this conclusion is in fact acceptable. Ingbar (26) has proposed that the failure to demonstrate TBPAbinding at pH 7.4 is due to the relatively increased thyroxine-binding by paper at this pH. Furthermore, Hollander, Odak, Prout, and Asper (27) have shown that the fraction of T4-1131 associated with TBPA in agar-gel electrophoresis is the same at pH 8.6 and 7.4. Our results thus add to the accumulating evidence that TBPA plays a significant physiological role in the peripheral transport of thyroxine (26, 28 (29) . Evaluation of free thyroxine in these patients clearly depends on the accuracy with which serum PBI reflects the circulating concentration of thyroxine. Systematic difference in the iodinated constituents of PBI between the normal group and patients with nonspecific illness could obscure basic physiological relationships. Further attempts to clarify the clinical significance of these alterations in binding are currently in progress.
SUM MARY
The thyroxine-binding characteristics of serum proteins in a variety of clinical states were evaluated by both equilibrium dialysis and electrophoresis. Equilibrium dialysis of diluted serum at pH 7.4 determined the fraction (DF) of I131-labeled thyroxine (T4-1131) not bound to protein in the dialysis system, as well as the concentration of free thyroxine in the system (Td). Paper electrophoresis with glycine-acetate at pH 8.6 determined the maximal binding capacity of thyroxinebinding globulin (TBG) and thyroxine-binding prealbumin (TBPA) and two ratios Rpa and Rpa/T4, theoretically proportional to Td and DF, respectively. Both functions Td and Rpa were considered to be relative indexes of the free thyroxine concentration in vivo, whereas DF and Rpa/T4 were considered to be an inverse measure of the net intensity of thyroxine-binding by the serum proteins. There was excellent linear correlation between the dialytic and electrophoretic functions.
Levels of Td and Rpa were elevated in hyperthyroidism, depressed in hypothyroidism, and normal in pregnancy, in agreement with previous findings. In a group of 19 patients with a variety of nonthyroidal illnesses, average DF, Rpa/ T4, Td, and Rpa were significantly elevated above normal limits. These changes were ascribed to a marked fall in maximal binding capacity of TBPA. Starch-gel electrophoresis indicated that the intensity of the protein stain of prealbumin 1 and the fraction of T4-I13' associated with this protein paralleled the variation in the maximal binding capacity of TBPA as determined by paper electrophoresis. The fall in the maximal binding capacity of TBPA in patients with nonthyroidal disease thus appeared to be secondary to an actual decrease in the concentration of the binding protein, rather than to inhibition of thyroxine-binding by TBPA. The effect of the diminished maximal binding capacity of TBPA in enhancing the dialysis of thyroxine at pH 7.4 adds to the evidence that TBPA is physiologically important in the peripheral transport of thyroxine.
